aspect ratio Direct laser writing (DLW) is widely used for three-dimensional (3D) material processing and printing. One of its realizations via polymerization enables free-form fabrication of micro-/nanoobjects down to tens-of-nanometers in spatial resolution. [1] [2] [3] [4] DLW in polymers is based on curing a resist (resin) by nonlinear absorption at the focal volume of a tightly-focused high peak power pulsed laser radiation. Only a very small volume, which can be sub-100 nm in cross sections, around the focal spot is affected during the pulsed exposure. [5] [6] [7] Pure optical light delivery at tight focusing cannot explain the final size of the structure due to the threshold effect of laser modification via polymerization/cross-linking, thermal effects within the 3D focal volume, and wet chemistry development which all affect the final shape and size of the 3D structure. [8] [9] [10] [11] [12] Heat accumulation at focus defined by pulse repetition rate and scan speed is used to increase productivity of 3D polymerization and makes thermal issues very important and actively debated. [13] [14] [15] Polarization effects in laser fabrication in 2D and 3D geometries are now explored in polymerization by DLW. [16] [17] [18] [19] Also, stimulated-emission-depletion (STED) control of 3D focal volume, 20, 21 orientation of deposition of self-organized materials, 22, 23 melting and oxidation of thin films, 24 laser ablation, 25, 26 and as self-organized nano-patterns induced on surface 27 are among other polarisation related phenomena demonstrated recently.
Here a systematic analysis via modeling and experiments is presented to reveal polarization effects, their influence on the feature size (resolution), and the coupling between thermal gradient and polarisation in DLW.
To study and demonstrate the polarisation effects, the 3D suspended resolution bridges at various angles, α, between the linear polarisation and scanning direction were fabricated on a glass substrate ( Fig. 1 inset in (a) ; see details in the Experimental section). The difference of the line widths was 10 -20% (varying exposure) at typical polymerization conditions for the linearly polarized pulses. The largest width of a 3D bridge was observed when scan direction was perpendicular to the orientation of linear polarization, α = π/2 (E ⊥ v s ). The height-to-width ratio of the suspended lines was dependent on orientation of linear polarization and was changing from 3.07 to 3.44, a self-focusing was not present at our experimental conditions. 1 Detailed analysis of polarisation, threshold, and heat accumulation effects which are all important are discussed next.
There are known effects of polarization on the scalar parameters of laser-matter interaction, such as absorption coefficient and ionization rate. [28] [29] [30] [31] It is also known that heat conduction flux (vector) in plasma might be depending on the direction of imposed field. 32 In what follows these effects are considered in succession: (i) the accumulation from the multiple pulses, (ii) effects of polarization under high-NA focusing, and (iii) influence of the external high frequency electric field on the electronic heat conduction. The later contribution has not yet been considered in laser fabrication under tight focusing. All these photomodification mechanisms occur simultaneously and affect polymerization which takes approximately a millisecond for common photoresists 33 at a > 90% voxel overlap at typical writing velocity of 100 µm/s for widespread laser 3D nanolithography. 34 For the used experimental conditions the focal spot diameter (at 1/e 2 ) can be calculated as 1 It was checked that the use of VIS-corrected (400 -700 nm) microscope objective lenses for the IR (1030 nm) laser radiation was not causing additional spherical aberrations and was not increasing the aspect ratio of polymerized bridge lines. The aspect ratio at 515 nm wavelength was 3.00-3.57, almost the same as for 1030 nm case d f = 1.22λ /NA = 898 nm assuming Gaussian intensity profile for simplicity. However, at such tight focusing the vectorial Debye theory (the specifics 35 can be found in Appendix A) has to be used which predicts an ellipsoidal focal spot with two lateral cross sections: W l = 790 nm and W s = 572 nm for long and short cross sections, respectively (or 500 and 360 nm at FWHM) for the actual experimental conditions and a sin-apodisation function typical for commercial objective lenses.
The dwell time of each pulse at the focal spot of diameter, d f , equals to t dw = d f /v scan . Thus the number of pulses per spot at the repetition rate R rep = 2 × 10 5 pulses/s equals to N spot = t dw × R rep . Heat diffusion coefficient for cold resist is similar to that in silica, D diff = 10 −3 cm 2 /s. 36 Thus, the cooling time of the heated volume, t th = d 2 f /D, has to be compared with the time gap between subsequent pulses -5 µs. The heat transfer to the surrounding cold material between the pulses results in the average temperature drop at the arrival of the next pulse and the temperature accumulation can be explicitly calculated for the N pulses as: 37
where β = t th t th +1/R rep . Assuming the same temperature jump, T 1 = const, for one pulse regardless polarization the accumulation for the two orientations of polarization with respect to the scan direction at fixed speed v s = 100 µm/s should result in significant differences in heat accumulation:
T N 6.39T 1 (α = 0; Fig. 1(b) ) along W l direction and T N = 4.02T 1 (α = π/2 along W s ) due to different number of overlapping pulses N. However, in the performed experiments the expected difference of the line widths up to ∼ 59% was not observed and was up to 20% (applying highest, near optical damage intensities) whereas about 10% was a typical deviation (applying intermediate intensities, commonly used for routine DLW lithography fabrication). This matches the previously reported findings that the shrinkage of polymerized features is conversely proportional to the applied exposure power (intensity). 38 It was found theoretically that the polarization state affects the shape of the focal spot when the laser beam focuses with high-NA lenses. 16, 40 Effect starts at NA = 0.2 and at 0.95 it is significant however not quantified. 40 The energy density distribution, w en = (E · E * )/16π of linearly polarized beam has an elliptical form with the long axis in the E-field direction ( Fig. 2(a) ). Besides in the central part of the tightly focused beam the polarization state becomes unidentifiable.
The high-NA focusing and polarization around the focal spot of p-polarized (parallel to the plane of incidence) beam are considered next ( Fig. 2(b) ). One can see that in the direction A − C (plane of incidence) across the focus polarization changed projection with increased contribution of a perpendicular to the sample surface component and is different from the projection in the B−D cross section. This effect significantly increases for dense plasma for large angle of incidence. 41 The p-pol. always has a stronger absorption in a resist at pre-breakdown conditions while the beam of circular polarization should experience an average absorption of that between s-and ppolarizations (See Appendix B for details).
The difference in the energy absorption along the polarization direction might be significantly higher than in the perpendicular direction ⊥ resulting in elongation of the absorbing area in the direction of the field as it was observed in the experiments. It is noteworthy that due to the presence of both lateral E x and E y fields ( Fig. 2(a) ) the p-pol. will be always present at the focal plane (Appendix B).
Analysis presented above shows how to account for polarisation defined absorption which, in turn, defines local temperature in the focal region. Following a general description, the heat conduction flux in plasma placed into external electro-magnetic field has a form: 32
The first term is the conventional heat flow, while the second term relates to the contribution due to the effect of external field. Here, e = E/E is the unit vector in the direction of the electric field; Polarisation effects are ubiquitous among earlier results on ablation, 26 nano-ripple formation (including using relatively low NA = 0.1 − 0.25), [42] [43] [44] growth of nano-flakes in solution, 22 and controlled melting of films. 24 Elongation of fabricated features beyond extent of the focal spot is clearly shown using short laser pulses. Even at low-NA = 0.25 focusing and ablation of MgF 2 at very high intensity 25 there is clear elongation in direction of linear polarisation which is comparable in size with ablation pits for the τ = 1 ps duration and λ = 6.25 µm wavelength pulses.
By controlling light energy delivery and absorption via polarisation control described above, new opportunities to exercise nanoscale precision in 3D polymerisation/printing are opened. Next, a photonic crystal (PhC) structure was polymerisied for the angular filtering and collimation of light. 45 For such filters, polarisation induced linewidth non-homogeneity causes spatially asym- the entrance aperture was 6 mm, thus an Airy disk at the focus in the sample could be observed.
During fabrication the samples were translated at a 100 µm/s linear velocity commonly used in DLW 3D
nanolithography. [1] [2] [3] 6, 33, 34, 46 After fabrication samples were developed for 30 min in 4-methyl-2-pentanone bath and critical point drier was employed to avoid structural changes due to capillary forces. All of the samples were coated with 20 nm thick layer of gold using sputter coater (note, the actual thickness of Au on the 3D suspended bridges was smaller). Width and height of 3D suspended lines were examined using scanning electron microscopy (SEM).
